Two isolates of pea seed-borne mosaic potyvirus, DPD1 and NY, were identified as pathotypes P-1 and P-4, respectively, by their infectivity on Pisum sativum L. lines homozygous for the recessive resistance genes sbm-I and sbm-4. The two isolates differed in several biological characteristics. DPD1 induced transient vein clearing, downward rolling of leaflets and internode shortening on P. sativum, whereas NY only caused a slight growth reduction. DPD1 moved systemically in Chenopodium quinoa whereas NY was restricted to inoculated leaves. DPD1 was frequently transmitted by seeds whereas NY was rarely seed-transmitted: 24% and 0.3 %, respectively, in P. sativum '549'. Both DPD1 and NY were transmitted by aphids (Myzus persicae), though a DAG triplet was not present in the N terminus of the coat protein. The nucleotide sequence and deduced amino acid sequence of NY were determined and compared to the corresponding sequences of DPD1.
Pea seed-borne mosaic potyvirus (PSbMV) was first reported by Musil (1966) and the properties and importance of this virus were reviewed by Khetarpal & Maury (1987) . Resistance to PSbMV was first discovered in USDA Pisum plant introduction (P.I.) accessions (Stevenson & Hagedorn, 1971) . Since then, four recessive resistance-conferring genes, sbm-1, sbm-2, sbm-3 and sbm-4, have been described in pea which group PSbMV isolates into three pathotypes, P-1, P-2 and P-4. Gene sbm-1 confers resistance to pathotype P-1 isolates of PSbMV (Gritton & Hagedorn, 1975) . Genes sbm-2 and sbm-3 confer resistance to P-2 (Provvidenti & Alconero, 1988a) and sbm-4 confers resistance to P-4 (Provvidenti & Alconero, 1988b) . Genes sbm-1, sbm-3 and sbm-4 are closely linked on chromosome 6 (Gritton & Hagedorn, 1975; Provvidenti & Alconero, 1988a, b) whereas sbm-2 is located on chromosome 2 (Provvidenti & Alconero, 1988a) . Typical symptoms induced by PSbMV on pea are transient clearing and swelling of the * Author for correspondence. Present address: The Danish Institute of Plant and Soil Science, Biotechnology Group, Lottenborgvej 2, DK-2800 Lyngby, Denmark. Fax +45 45 87 25 10. e-mail e.johansen@dips -Lyngby.dk
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veins, downward rolling of the leaflets, slight chlorotic mosaic and internode shortening (Hampton & Mink, 1975) . However, symptoms depend on virus isolate, pea cultivar and environmental conditions (Hampton & Baggett, 1970; Kohnen et al., 1995) . Symptoms in infected pea can therefore range from very mild to severe stunting, rosetting and necrosis of the leaflets. In Chenopodium quinoa Willd., PSbMV has been reported to induce only local infection with chlorotic lesions on inoculated leaves (Hampton & Mink, 1975) .
Seed transmission of PSbMV has been detected in pea, lentil (Lens culinaris Medic.) and chickpea (Cicer arietinum L.), as well as Vicia and Lathyrus species (Hampton & Mink, 1975; Makkouk et al., 1993) . The seed transmission rate in pea depends on virus isolate, pea cultivar, time of inoculation and environmental conditions (Hampton & Mink, 1975; Khetarpal & Maury, 1987; Kohnen et al., 1995; Wang et al., 1993) . We have analysed two isolates of PSbMV, DPD1 and NY, which differ in several biological properties. The nucleotide sequence of NY was also determined and compared to the sequence of DPD 1 to see if the biological differences could be accounted for by differences in the primary sequence.
PSbMV DPD 1 was recovered from a pea seed sample analysed at the Danish Plant Directorate (Lyngby, Denmark). The NY isolate was recovered from USDA Pisum accession P.I. 471128 and identified as a P-4 0001-3699 © 1996 SGM L E. Johansen and others pathotype by Alconero et al. (1986) (Kohnen et al., 1995) . For the seed transmission tests, P. sativum '549' plants were mechanically inoculated with DPD1 or NY 2-3 weeks after sowing. Infected plants were grown to maturity and seeds were harvested as the pods ripened. Seeds from infected plants were sown and seedling infection was determined by ELISA 3 weeks after emergence. Aphid transmission tests were conducted with Myzus persicae [Sulzer] . Non-viruliferous aphids were allowed a 5-10 min acquisition period on P. sativum plants infected by DPD1 or NY and 20 aphids were then transferred directly to each of 10 healthy P. sativum test plants. After a transfer period of 24 h the aphids were killed by spraying with an insecticide. Inoculated plants were observed for 1 month and finally tested by ELISA. Cloning and sequencing of PSbMV DPD 1 was described by Johansen et al. (1991) . RNA of PSbMV NY was purified as described by Johansen et al. (1991) and used as template for oligo(dT)-and random-primed cDNA synthesis (cDNA Synthesis System Plus; Amersham) and cloned in Escherichia coli DH50~ (Life Technologies) using Bluescript SK+/-and KS+/-vectors (Stratagene). Enzymes were used for restriction and modification of DNA according to the manufacturer's recommendations (New England Biolabs). Sequenase version 2.0 (USB) was used for nucleotide sequence determination. Since the entire genome was not covered by the first set of cDNA clones, a second generation of cDNA clones was created using RT-PCR and primers designed using the sequence information obtained from the first set of clones. All nucleotides were determined at least twice on each strand and, because the error rate of Taq polymerase is high, cDNA clones originating from independent RT-PCR reactions were analysed. The sequence variation of the RT-PCR-generated clones was low but a single region between nucleotides 3355-3360 showed much variation; accordingly, the sequences of eight clones were analysed. The sequence of the 5'-terminal region was determined by direct RNA sequencing as described by Johansen et al. (1991) using a primer complementary to nucleotides 130-143 of NY.
P. sativum accession P.I. 269818, homozygous for the recessive resistance gene sbm-1, was resistant to DPD1 and susceptible to NY, whereas P.I. 347329, homozygous for the recessive resistance gene sbm-4, was susceptible to DPD1 and resistant to NY. These results established that DPD1 is a pathotype P-1 isolate and confirmed the P-4 pathotype of the NY isolate.
Symptoms of DPD1 and NY differed on the commercial cultivars '549', 'Dark Skinned Perfection' and 'Vedette'. DPD 1 induced transient vein clearing, downward rolling of leaflets and internode shortening, which are typical symptoms of PSbMV infection on P. sativum (Hampton & Mink, 1975) , whereas NY infection only caused a slight reduction in growth of all three cultivars.
DPD1 induced chlorotic lesions on uninoculated upper leaves of C. quinoa GCRS, whereas no symptoms were observed on uninoculated leaves of C. quinoa plants inoculated with NY. DPD 1 infection of upper leaves was confirmed by ELISA, whereas NY was never detected in upper uninoculated leaves when tested by ELISA or RT-PCR. Since PSbMV infection has been reported to be restricted to inoculated leaves we decided to investigate the interaction between PSbMV and C. quinoa further. Two C. quinoa genotypes, GCRS and WAITE, were inoculated with DPD1 and NY plus two other PSbMV isolates, Roth and $6. DPD1 induced systemic chlorotic lesions on both C. quinoa genotypes. Roth and NY did not induce any visible symptoms on uninoculated leaves and were not detectable in uninoculated leaves by ELISA or PCR in either genotype. $6 induced chlorotic mosaic only in C. quinoa GCRS, and ELISA and PCR analysis of uninoculated leaves revealed that $6 moved systemically in C. quinoa GCRS but could not be detected in uninoculated leaves of C. quinoa WAITE. The results are summarized in Table 1 . These data indicate that a specific interaction between virus and host is necessary for systemic movement. Both C. quinoa genotypes are competent to support systemic infection of PSbMV, since DPD1 infected both systemically. However, the virus-host factor interaction necessary for systemic movement was only functional in certain combinations. It has recently been shown that both the potyvirus HC-Pro and coat protein have a function in systemic movement (Cronin et al., 1995; Dolja et al., 1995) . Mutation of the amino acids CCCE of HC-Pro to APAN inactivated systemic movement of tobacco etch virus in tobacco (Cronin et al., 1995) . The corresponding sequence in HC-Pro of PSbMV is CSCV in both NY and DPD1 and lies within a conserved region of the PSbMV . The amino acid positions in the P-4 NY polyprotein are specified under the N-terminal (PI') amino acid of each of the predicted cleavage products. Known and proposed functions of the virus proteins are: P1, pro tease; HC-Pro, helper component, protease and systemic movement; P3 and 6kl, function unknown; CI, helicase and ATPase; 6k2 membrane-binding protein; 49k-Pro, proteinase; VPg, genome-linked protein; RdRp, RNA-dependent RNA polymerase; CP, coat protein, aphid transmission, cell-to-cell and long distance movement. The similarity plot was generated by the GCG package PlotSimilarity function with a window of 15 amino acids. The average similarity over this window is plotted at the middle position of the window. A value of 1.5 on the vertical scale signifies a perfect match. The plot is aligned with the PSbMV cistron map and the amino acid positions are indicated on the horizontal scale below the plot.
genome. There are several amino acid differences between NY and DPD1 in the N-terminal region of the coat protein. It is therefore tempting to speculate that the virus determinant responsible for the differential systemic movement of PSbMV in C. quinoa lies within this region of the coat protein.
Transmission through seed was analysed in P. sativum '549 '. One of 353 seeds (0"3 %) from NY-infected mother plants gave rise to an infected seedling whereas 74 of 306 seeds (24%) from DPDl-infected mother plants gave rise to infected seedlings, confirming recent data by Kohnen et al. (1995) . The low seed transmission rate of NY was not a result of reduced viability of seeds from NY-infected plants compared to seeds from DPD1-L E. Johansen and others infected plants, since seed yield and average seed weight of NY-infected plants were higher than from DPD1-infected plants; the germination rates were also equal (NY, 96%; DPD1, 94%). The low seed transmission rate of NY was surprising since this isolate originated from an infected seed sample (Alconero & Hoch, 1989) . Also Alconero & Hoch (1989) found that 22% of the PSbMV isolates identified in infected seed samples were of the P-4 pathotype. Ligat & Randles (1993) reported very high rates of seed transmission of the pathotype P-4 isolates $4 and $6 in the commercial cultivar Dundale. Therefore the low seed transmissibility of the P-4 isolate described here is probably not a characteristic typical of the P-4 pathotype but may be the result of maintenance of the NY isolate by repeated mechanical inoculations with no selection for seed transmissibility. Both PSbMV isolates NY and DPD1 were transmitted by M. persicae under the conditions used. Three of 10 plants aphid-inoculated with NY and five of 10 plants aphid-inoculated with DPD1 were positive in ELISA tests 3 weeks after inoculation. The DAG motif, which is usually found within the first 15 amino acids of the coat protein of aphid-transmitted potyviruses (Atreya et al., 1991) , was not found in this region of the coat protein of NY or DPD1. Instead, the DAS sequence at amino acids 26-29 of the PSbMV coat protein may serve the same function.
cDNA inserts from 35 cDNA clones of NY covering the entire genome except the 5' 22 nucleotides were chosen for sequence analysis. The genomic RNA of NY was 9853 nucleotides in length, excluding the T-terminal poly(A) tail. The RNA sequence contained a large ORF starting at the first AUG (100-102) and terminating with a UAA stop codon (9697) (9698) (9699) . Computer translation of this ORF resulted in a putative polyprotein of 3199 amino acids with a calculated molecular mass of 363 kDa. The nucleotide and amino acid sequence identity of PSbMV DPD1 and NY were 81% and 88 %, respectively. The amino acid sequence identity along the polyprotein varied, illustrated in Fig. 1 by a similarity plot, as has been shown in comparisons of individual members of the potyvirus group (Shukla et al., 1991) . The coat proteins of NY and DPD1 were 96 % identical at the amino acid level, confirming that NY can be considered a strain of PSbMV (Shukla & Ward, 1988) . Putative proteolytic cleavage sites in NY polyprotein were identified by searching for peptide sequences conforming to the cleavage site consensus of the potyvirus proteases, P1-Pro, HC-Pro and 49K-Pro (Riechmann et al., 1992) . All the proteolytic cleavage sites had an amino acid profile identical to those identified in DPD1 (Fig. 1) .
Comparison of the sequences of NY and DPD1 has revealed too many differences to conclude which regions of the genome determine the biological characteristics of these two closely related PSbMV isolates. However, the sequence information will provide an important tool in our present efforts to determine the virus genetic determinants of the pathogenic characteristics described in this paper.
